Introduction 22
The heart is the first organ to form and function during embryonic development. At embryonic 23 stage (E) 7.5, cardiac precursors in the splanchnic mesoderm (mesoderm apposed to the endoderm) 24 differentiate into cardiomyocytes by assembling the contractile sarcomere machinery (Tyser et al., 25 2016) and form a bilateral structure known as the cardiac crescent (cc) in the mouse. Concomitant 26 with foregut invagination, the cc swings inwards to become placed underneath the developing head 27 folds. By a complex morphogenetic process, the cc subsequently transforms into an early heart 28 tube (HT) initially opened dorsally, which by E8.25 has transformed into a closed and beating linear 29 HT also known as the primitive HT (Evans et al., 2010; Kelly et al., 2014) . 30 The cc and early HT mainly give rise to the left ventricle (Zaffran et al., 2004) . The right ventricle 31 (RV), the outflow track and most of the atria derive instead from cardiac progenitors located initially 32 dorso-medially to the cc in the splanchnic mesoderm, that are progressively recruited at the poles of 33 the HT at subsequent developmental stages (Cai et al., 2003; Kelly et al., 2001; Mjaatvedt et al., 2001; 34 Waldo et al., 2005) . These findings led to the concept that cardiac mesodermal progenitors contain 35 two populations of cells: the first heart field (FHF) precursors, recruited early in development to form 36 the early HT, and the second heart field (SHF), recruited later and elongating the HT (Buckingham   37   et al., 2005) . While clonal analysis (Devine et al., 2014; Lescroart et al., 2014; Meilhac et al., 2004a) 38 supports the idea that FHF and SHF precursors are two independent developmental fields with 39 1 of 22 dedicated molecular pathways, the existence of a common precursor was also reported in the early 40 mouse embryo (Meilhac et al., 2004a) . Other views suggest that the heart forms by a continuous 41 differentiation process from a single population of cardiac precursors and only timing of recruitment 42 distinguish cells of the FHF and SHF (Abu-Issa et al., 2004; Moorman et al., 2007) . In support of the 43 latter, typical markers of the SHF, like Islet1 (Cai et al., 2003) are also expressed transiently in FHF 44 precursors and must therefore be considered as pan-differentiation markers instead (Cai et al., 45 2003; Prall et al., 2007; Yuan and Schoenwolf, 2000) . Whether the recruitment of cardiomyocytes 46 from progenitors is a continuous process however has not been directly studied. This is partly 47 because the spatial arrangement of progenitors and differentiated cardiomyocytes has so far been 48 analysed on fixed embryos (Cai et al., 2003; Spater et al., 2013) and the expression dynamics of 49 genes reporting differentiation together with cell movements during HT morphogenesis have not 50 been captured so far (Abu-Issa, 2014) . 51 Here, we report the live-imaging and 4D cell tracking of HT formation in whole mouse embryo. 52 Using this method, in conjunction with an Nkx2.5eGFP reporter line, characterised by a high level of 53 GFP in differentiated cardiomyocytes as compared to undifferentiated progenitors, we studied the 54 dynamics of cardiac field differentiation. During an initial phase, FHF cardiac precursors differentiate 55 rapidly to form a cardiac crescent, while limited morphogenesis takes place. During a second phase, 56 no differentiation events are detected, while extensive morphogenesis results in HT formation. 57 Finally, using an Isl1-Cre lineage tracing assay combined with live-imaging, we show that during 58 a third phase, cardiac precursor differentiation resumes and contributes not only to the known 59 SHF-derived regions but also to the dorsal aspect of the HT. These results show essential properties 60 of FHF and SHF contribution to heart development and reveal tissue-level coordination between 61 alternating phases of morphogenesis and differentiation during HT formation. 62 
Results

63
3D static analysis of mouse HT formation 64 To assess how the initial cardiogenic region transforms into a HT and differentiates, we first analysed 65 whole mouse embryos immunostained against cTnnT at successive embryonic stages. Figure 1-66 figure supplement-1 schematises the criteria for embryo staging (Downs and Davies, 1993; Kirstie A. 67 Lawson, 2016). Cardiac troponin T (cTnnT) is one of the first evident sarcomeric proteins to appear 68 in the cardiac crescent (Tyser et al., 2016) . At early head fold stage (EHF, E7.5), the cardiogenic 69 region is visualised in Nkx2.5cre+/-R26tdtomato+/-embryos, where both cardiac precursors and 70 cardiomyocytes express Cre (Stanley et al., 2002) . The tdtomato+ region in these embryos forms a 71 flat horse shoe-shaped mesodermal layer at the rostral border of the embryo ( Figure 1A ,A', Video 1). 72 At this stage, cTnnT protein is not yet detected ( Figure 1B Figure 1D and Fig2. D). Morphogenetic changes starting at E8 subsequently lead to the initial 79 formation of a hemitube whose major axis is transversal to the embryo A-P axis. We will refer to 80 this stage as transversal HT ( Figure 1E ). Later, the tube adopts a more spherical shape very similar 81 to the linear HT but still open dorsally. We will refer to this stage as open HT ( Figure 1F ). The HT 82 eventually closes dorsally ( Figure 1G , red arrows in Figure 1G ") and a prominent outflow (OFT, the 83 prospective RV) (Zaffran et al., 2004) becomes visible (yellow arrows in Figure 1G ", Figure 1H , see 84 also Video 2), completing linear HT formation at E8.25. 85 To assess the overall growth of the forming HT, we measured cTnnT+ tissue volume in segmented 86 z-stacks, at the stages described above ( Figure 1I and Figure 1E ',F',I). 90 Volume of the HT appears to increase again upon OFT addition and dorsal HT closure ( Figure 1G ',I). 91 HT growth likely reflects an increase in cell number occurring during the formation of the heart 92 tube. The cardiomyocytes are proliferative at this stage (de Boer et al., 2012) , and we can indeed 93 observe mitotic figures in the HT ( Figure 1J ). From this analysis, it is however unclear how much of 94 the growth observed is due to cardiomyocyte proliferation versus addition of new cardiomyocytes 95 from cardiac progenitor cells located in the splanchnic mesoderm. 97 To visualise the boundary where cardiac progenitors abut differentiating cardiomyocytes during HT 98 morphogenesis, we immunostained Nkx2.5cre+/-R26tdtomato+/-embryos with the differentiation 99 marker cTnnT (Figure 2A ). We acquired whole-mount images at transversal HT stage and rendered 100 the Nkx2.5 lineage and the cTnnT+ tissues in 3D allowing visualising the boundary between cardiac 101 progenitors and differentiated cardiomyocytes at tissue level (Figure 2A 
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2-photon live-imaging of early cardiac development in the mouse embryo 138 We next established a live-imaging method to dynamically characterize the formation of the HT 139 in the mouse embryo ( Figure 4A ) (Chen et al., 2014) . We adapted a previously reported culture 140 system (Nonaka, 2009; Nonaka et al., 2002) in which the whole mouse embryo is immobilised by 141 inserting the extraembryonic region in a holder ( Figure 4C ). After culture, embryos showed normal 142 morphology, their hearts were beating and circulation was initiated ( Figure Cardiomyocyte differentiation is not detected during heart tube morphogenesis 206 We next studied cardiac differentiation dynamics during subsequent stages when the cc transforms 207 into the HT by extensive morphogenesis. To do so, we tracked cells located in the splanchnic 208 mesoderm in Nkx2.5-eGFP embryos at successive periods of around 3 hours covering the 5-7 hours 209 during which the transversal HT transforms into the open HT ( Figure 6A ,B,E, Video 13 and Figure   210 4-source data 1). We also tracked cardiomyocytes in the forming HT. The HT starts to beat during 211 the observation period, especially at the later stages, and therefore, in some cases, cardiomyocyte 212 cell shape can be distorted in single optical sections ( Figure 6F) , however the GFP level could 213 be determined. Anterior movement of the cells can be observed in the splanchnic mesoderm 214 concomitant with the transformation of the transversal HT into the open HT (visible also in Video 215 5 and 11). We found that cells with high GFP level -differentiated cardiomyocytes-at the initial 216 time points retain rather stable GFP levels (green tracks in Figure 6C ,D, G and Figure 6 -source data 217 1). In addition, all cells that initially showed low GFP levels did not increase GFP intensity during 218 time-lapse, and cardiac differentiation was therefore not detectable (red tracks in Figure 6C ,D). 219 To confirm the absence of detectable cardiac differentiation events during this period, we 220 next focused on cells located at the boundary area where progenitors are located outside the HT. 221 As expected, we observed in the movies low-GFP cells located adjacent to high-GFP cells in the 222 boundary zone ( Figure 6H ). Those cells retain stable GFP levels throughout the tracking time and 223 did not increase their GFP level ( Figure 6I , boundary imaged 20 times in distinct locations and in 6 224 independent embryos).Importantly, they retain a columnar cell shape typical of weak cTnnT+ and 225 cTnnT-columnar cells located at the boundary zone (see Figure 2F Average increase: 2,77 folds ± 1.50, mean ± SD, n=95 cells from 3 independent datasets. (H) The differentiation fates (green, cell that differentiates, red, cell that does not) of mesodermal cells were mapped onto the initial cardiac crescent at EHF stage. (I) Progenitor descendant cells share differentiation fate. Lineages of dividing progenitors (n=55 from 3 independent datasets) were identified during early stages of cardiac differentiation. Two daughter cells are defined as sharing the same fate if their GFP intensity levels do not differ by more 1.5 fold and/or remain both above or below the threshold value defined. Scale bars:
µ . detected with Cre reporters therefore contribute only scarcely to the cc, while extensively to the 241 SHF and its derivatives (Cai et al., 2003; Ma et al., 2008) . To test these observations in live imaging, 242 we combined Nkx2.5-eGFP with tracing of the Isl1 cell lineage using the Ils1cre/+ driver and the 243 R26tdtomato/tdtomato reporter. We found that tdtomato-labelling is first detectable in scarce 244 isolated cells of the GFP+ cc when the cc folds ventrally and differentiates (from t=2h36m to t=4h 245 in Figure 8A,B) . A dense tdtomato-labelling appears instead in the GFP-low cells of the splanchnic 246 mesoderm (from t=2h24m to t=4h in Figure 8A Cardiac differentiation is detected during the late stages of HT development 265 We next wanted to determine when cardiac progenitors located in the SHF start to differentiate. 266 We fixed Nkx2.5-eGFP; Ils1cre/+; R26tdtomato/+ embryos at different stages from cc up to heart (Ai et al., 2007; Jain et al., 2015; Klaus et al., 2007; Kwon 319 et al., 2007; Marvin et al., 2001; Qyang et al., 2007; Tirosh-Finkel et al., 2010; Ueno et al., 2007) and 320 specific mechanisms affecting these pathways could be operating during the formation the HT, 321 whereby the differentiation pathways could be temporally restrained. 322 In zebrafish, elegant experiments using a cardiac myosin light chain reporter line similarly ad-323 dress the temporal order of cardiac differentiation in live embryos using high resolution imaging(de 324 Pater et al., 2009; Liu and Stainier, 2012) . Two distinct phases of cardiomyocyte differentiation 325 separated in time were also observed. During a first phase, cardiomyocytes were recruited in the 326 linear HT. During a second phase, a late cardiogenic population of cardiomyocytes was added at 327 the arterial pole of the HT. This study did not report, however, an arrest of cardiac differentiation 328 during the morphogenesis of the initial HT as we do observe in Mouse. Instead, cardiac differen-329 tiation seems to be continuous and extensively overlaps with morphogenetic reorganisations in 330 zebrafish. It would be therefore of interest to further address the morphogenetic and evolutionary 331 implications of these differences. 332 Our study applies for the first time whole-embryo live analysis of cardiac development at tissue 333 level and with cellular resolution. We expect that extending this experimental approach to additional 334 15 of 22 aspects of embryonic development will allow to further uncover unexpected and novel mechanisms 335 of organogenesis. In addition, limited attention had been paid so far to the temporal dynamics 336 of differentiation during embryonic development, yet it is an essential aspect of organogenesis 337 (Gogendeau et al., 2015; Parchem et al., 2015; Yang et al., 2015) . Here we show the relevance of 338 regulation of differentiation timing during heart tube formation. Further understanding of the 339 molecular and cellular mechanisms underlying these phenomena will help us expanding pools of 340 cardiac progenitors in vitro or directing them towards differentiation. x, y, z and t was generated. Coordinates of each tracks were converted into 8-bit 4D image using 411 a custom Fiji macro in which each cells was represented by a sphere of specific pixel intensity, 412 from 1 to 255, while pixels corresponding to background were set to zero. The 4D images were 413 then opened with Imaris to perform visualization of the 3D trajectories of each cells using spots 414 tool, where each object were identified according to pixel intensity. GFP intensity measurement is 415 performed by segmentation of cell shape. A Gaussian filter whose radius is adjusted to the typical 416 size of a cell was first applied, followed by a Laplacian filter. The resulting 32 bits image was next 417 converted to a mask by thresholding. When objects were touching each other, a watershed on the 418 binary mask and manual corrections was applied. Each segmented cells was checked and tracked 419 manually for accuracy. In Figure 2E nuclei segmentation was performed manually. The mean GFP 420 signal intensity of the segmented objects was then measured using the "analyse particle" tool in in Figure 5D and Figure 6I , where GFP intensity level was measured in every time point. Background 424 intensities were measured in neural tube cells, which are known to be negative for GFP and cTnnT. 425 Tables containing ID tracked number and GFP intensities were generated and plotted using Prism (C) Linear mixed-effects model to find the relationship between the background substracted GFP and cTnnT levels adjusted by embryo for cell located at the boundary between the FHF and SHF (GFP=0.94*cTnnT, R2=0.77, p<2.2e-16). Each dot represents a single segmented cell. Cells are being considered positive for cTnnT when their mean intensity value is above 0. Note that small GFP signal can be detected in the cTnnT-negative SHF cells. Scale bars: µ . 656 Manuscript submitted to eLife 
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